Introduction
Cell division is a fundamental process shared among all domains of life. Many prokaryotic species divide by some type of binary fission, converting a mother cell at a specific point in its cell cycle into two genetically identical daughter cells. In some species, these daughter cells are not physically or chemically identical, which leads to asymmetric cell fates. To prevent untimely division of the mother cell, binary fission must be properly coordinated with cell wall growth, chromosome replication, and chromosome segregation.
In contrast to most enzymatic reactions, the aforementioned processes occur on a scale sufficiently large that large-scale cytoskeletal structures are needed. For example, bacterial cytokinesis involves proper placement, assembly, and activity of a specialized organelle, the 'divisome' [1] . The divisome is organized by a polymerizing tubulin homolog, and its placement is often directed by a cell-wide protein gradient. Bacteria also use polymerizing proteins for other large-scale processes including cell wall growth, chromosomal segregation, and organelle assembly [2] [3] [4] [5] . These polymerizing proteins are ideal for building structures that are sufficiently large and yet responsive to multiple inputs. These general strategies are no different from those of eukaryotes, but bacteria have evolved their cytoskeletal assemblies on a smaller scale and with fewer moving parts. This is a logical approach, considering the smaller size of bacterial cells and their exposure to rapidly changing environments. Although there are many types of polymerizing proteins that can be considered cytoskeletal [6] , for the purpose of this review we will discuss the major cytoskeletal proteins involved in bacterial cell growth and division.
FtsZ, a Polymerizing Tubulin Homolog for Cytokinesis
The first bacterial protein hypothesized to be a cytoskeletal element was FtsZ, an essential component of the cell division machinery in nearly all bacteria. Upon depletion of FtsZ, cells of Escherichia coli continue to grow and duplicate their chromosomes over many generations, forming long, smooth filaments ( Figure 1 ). Many other bacteria also enlarge into multinucleate cells if there is a problem with cell division (as opposed to stopping growth), perhaps because many viable cells can emerge if the problem can be repaired and the filament can be divided into normalsized cells. However, prolonged loss of FtsZ ultimately forces filamentous cells of many bacteria such as E. coli and Bacillus subtilis to lose viability. It was recently found that B. subtilis, in particular, enters a specific quiescent state that cannot be reversed [7] .
The first hint that FtsZ was a cytoskeletal protein came from immunoelectron microscopy that showed ring-shaped localization of FtsZ encircling the midpoint of E. coli cells [8] . Rings of FtsZ ('Z rings') were initially compared to actin-myosin rings that form in eukaryotic cells during cytokinesis. However, later studies suggested that FtsZ was a homolog of tubulin, citing the presence of a tubulin signature amino acid sequence and the ability of FtsZ to bind and hydrolyze GTP [9] [10] [11] . Subsequent analysis of the FtsZ crystal structure confirmed that its three-dimensional structure was similar to the alpha-and beta-tubulin subunits of tubulin, despite the poor overall sequence similarity between the two proteins [12] .
Although FtsZ and tubulin both must bind GTP in order to polymerize into head-to-tail protofilaments (Figure 2 ), FtsZ protofilaments in vitro do not organize into the hollow, tube-like microtubule structures formed by tubulin [13] . Instead, FtsZ protofilaments bundle into other configurations in vitro, including sheets [14] . The molecular basis for lateral interactions between individual protofilaments is not yet clear, but these interactions are strongly promoted by other proteins, including the essential protein ZipA (FtsZinteracting protein A) and several nonessential Zap (FtsZassociated proteins) proteins in E. coli, and proteins such as FzlA and SepF in other species [15] . The general functions of these proteins are similar to those of eukaryotic microtubule-associated proteins (MAPs), which regulate the stability of microtubules. For example, ZapA, a conserved cytoskeletal element in a number of bacterial species, forms a tetramer that crosslinks FtsZ protofilaments in vitro [16] [17] [18] and is important for clustering FtsZ protofilaments in vivo [19] . This clustering of FtsZ protofilaments seems to be important for Z-ring function because inactivation of Zap proteins or the portion of ZipA that interacts with FtsZ results in significant cell division defects [20, 21] . Likewise, lesions in the lateral interface of FtsZ that directly inhibit FtsZ protofilament self-interaction reduce Z ring activity [22] . FzlA in Caulobacter crescentus and SepF in B. subtilis induce FtsZ filament curvature and tubules, respectively, providing further evidence that regulators of FtsZ lateral interactions are widespread [23, 24] . debated. One function ascribed to the Z ring is the establishment of a scaffold for further assembly of the divisome. The evidence for this function is strong -many other proteins of the divisome absolutely require the Z ring for their recruitment to the division site, and if the Z ring assembles in the wrong place -such as the cell pole -the remainder of the divisome is built there instead, forming minicells [25] ( Figure 1 ). The extreme carboxyl terminus of FtsZ, a relatively short segment containing a highly conserved core domain [26] , (Figure 2 ) is involved in recruiting cell division proteins ZipA and FtsA (see more below). Both ZipA and FtsA bind the cytoplasmic membrane, unlike FtsZ. These proteins are key intermediaries for recruiting the remaining divisome components, which all span the cytoplasmic membrane and help synthesize the division septum. The carboxy-terminal recruiting domain of FtsZ is attached to the conserved polymerizing portion of FtsZ by a variable unstructured linker (Figure 2 ), which may serve to spatially separate the Z ring from the cytoplasmic membrane and the other divisome proteins that congregate there [27, 28] .
Another postulated role of the Z ring is to provide the force to drive the constriction of the inner membrane during later stages of cell division [29] . Although bacteria do not contain obvious homologs of eukaryotic motor proteins, in vitro experiments with liposomes suggest that FtsZ polymerization and depolymerization dynamics, coupled with membrane attachment, are sufficient to generate a pinching force on the membrane. In support of FtsZ acting alone, FtsZ polymers attached to liposomes through an artificial membrane targeting helix or through a natural interaction with FtsA can pinch liposomes inward when GTP is present to stimulate FtsZ assembly [30, 31] . These liposomes often did not pinch completely, although some were observed to fuse completely. In addition, when FtsZ is attached to giant unilamellar vesicles by ZipA, the vesicles collapse [32] .
To understand the potential mechanisms behind FtsZ's force generation, it is important to outline several key properties of FtsZ protein and polymers. FtsZ GTPase activity is fairly high, ranging from one to ten GTP molecules hydrolyzed per minute. This activity occurs in FtsZ protofilaments rather than monomers because the GTP molecule is situated between adjacent FtsZ subunits. Upon GTP hydrolysis, the two subunits rotate, causing the GDP-containing protofilament to curve [29, 33] . This curvature could explain how membranes attached to FtsZ protofilaments deform upon GTP hydrolysis. Moreover, subunit exchange within protofilaments is rapid, with a turnover time of less than ten seconds [34] . Such turnover is required to maintain constriction in the liposome system [35] and may occur by treadmilling [36] . Therefore, the combination of subunit-subunit curvature and rapid reassembly of straight subunit interactions on membranes that have recently curved provides a way to iteratively deform the membrane locally until the limit for protofilament curvature is reached [37] . This limit of curvature may explain why most liposomes can only be pinched to a certain degree. In vivo, it also might explain why FtsZ leaves the invaginating division septum before it completely closes [38] . However, other recent evidence indicates that the preferential curvature of FtsZ protofilaments is similar to that of the E. coli cell membrane prior to constriction of the Z ring [39] . This result suggests that the increased Z ring curvature required for constriction must drive FtsZ protofilaments toward a constrained and metastable state, with FtsA as an attractive candidate for a factor involved in such regulation. It should be emphasized that many other proteins are also required for proper Z-ring constriction in vivo and likely regulate FtsZ, either through FtsA or other FtsZ binding proteins, such as Zap proteins or ZipA.
To address the overall mechanism of FtsZ-dependent cytokinesis, it is important to understand the higher order structure of the Z ring in cells. The original three-dimensional reconstructions of Z rings using conventional fluorescence microscopy showed mostly continuous rings of fluorescence at the membrane that were tightly bundled, likely less than 300 nm in width [40] . In many bacteria that have been studied, the ring seems to begin as a spiral structure, which then coalesces into a more coherent ring over time [41] [42] [43] . Mutant FtsZs that remain in spiral assemblies can recruit the remaining divisome components to a spiral scaffold, resulting in spiral-shaped division septa [44] . However, Z rings in other species have been observed to begin as a single nucleation site prior to encircling the cell, with no evidence for a spiral intermediate [45, 46] .
To help elucidate the Z-ring structure at higher resolution, super-resolution microscopy methods have been used recently to provide greater accuracy and detail. In E. coli, B. subtilis, and Caulobacter crescentus, the Z ring appears as a patchy string of beads when imaged by three-dimensional structured illumination microscopy (3D-SIM; Figure 1 ). Such a pattern could be interpreted as higher concentrations of FtsZ in discrete assemblages or rafts, interspersed with lower concentrations of FtsZ between the rafts [47] [48] [49] . These data were derived either from immunofluorescence or from cells producing an FtsZ fusion to a fluorescent protein. Higher resolution images were obtained using photoactivation localization microscopy (PALM), which can resolve [19, 48] . However, the fine structure of the Z ring may differ among species, because Caulobacter FtsZ filaments seem to be more aligned in bundles than those of E. coli [37, 51] . How might such FtsZ rafts function as both a recruitment platform and a force generator in E. coli? The recruitment of additional divisome proteins to FtsZ patches instead of a continuous ring makes quite a bit of sense given the low copy numbers of many of these proteins. For example, in E. coli, FtsA and ZipA are present at fewer than a thousand molecules per cell, as opposed to the many thousands of FtsZ molecules. Furthermore, divisome proteins FtsQ and FtsI, which are required for biosynthesis of the septal peptidoglycan wall, are present at only a few hundred molecules per cell [52] . A continuous Z ring spanning the entire cell circumference would be too large to accommodate a continuous complex of all these proteins. Having only several large areas of FtsZ per Z ring is a way to distribute these relatively rare proteins so that they can function together. The subassemblies can synthesize the entire circumference of the division septum if they are mobile, which seems to be occurring in B. subtilis cells [49] . Such smaller assemblies are also consistent with the 200-300 nm maximum length of FtsZ protofilaments [33] , which are too short to encircle the entire circumference of the cell. The width of the ring has been measured by optical tweezer methods to be w100 nm [53] (Figure 1 ), which would confine the filaments in the radial direction, and supports the idea of compact subassemblies.
To generate inward constriction force, the FtsZ protofilament rafts need to coordinate inputs from the septal wall synthesis machinery that they have recruited and assembled in the membrane. There are some hints as to how this might occur: FtsZ-dependent divisome proteins FtsE and FtsX act as an ATPase and may transmit signals from the wall machinery to FtsZ directly [54] ; in addition, FtsA may receive signals from the wall machinery via FtsN, another essential divisome protein that contacts peptidoglycan directly with its periplasmic domain and binds to FtsA with its cytoplasmic domain [55, 56] . These and likely other signals from the divisome would ensure that force generation by the Z ring is coordinated precisely and robustly with the progress of septum synthesis. The gaps between FtsZ rafts may provide a switch between a sparse Z ring and a more highly condensed Z ring, and this switch would provide a constriction force, potentially in addition to the membrane deformation force [57] . Different models for Z-ring constriction have been recently reviewed in depth [58] .
Inhibitors of FtsZ Assembly
Given its pivotal and early role in cytokinesis, bacterial FtsZ is a target of numerous inhibitor proteins, many of which have narrow conservation. For example, during DNA damage in E. coli, the SOS response transiently induces the production of SulA, a short-lived protein that binds directly to the core region of FtsZ. SulA-FtsZ binding prevents FtsZ monomers from assembling into protofilaments and Z rings until the damage can be repaired. Another FtsZ inhibitor, MinC, is more widely conserved and uses two distinct domains to bind FtsZ directly and inhibit polymerization. In concert with partner proteins MinD and MinE, MinC forms a bipolar gradient in E. coli cells that prevents Z-ring formation at cell poles and effectively restricts Z-ring assembly to the middle of the cell [59] . This entire Min-FtsZ system and its spatial localization have been recently recapitulated on supported lipid bilayers in vitro [60] . Another spatial regulator of FtsZ, SlmA, binds to both the E. coli nucleoid and FtsZ to prevent Z rings from forming over chromosomes prior to their proper duplication and partitioning. The mechanism of action of SlmA on FtsZ remains elusive, but evidence indicates that SlmA forms higher order structures on the DNA and may inhibit FtsZ in a manner similar to that of MinC [61] [62] [63] .
Other more specialized cases of protein inhibitors of FtsZ abound. For example, MciZ inhibits Z-ring formation in B. subtilis mother cells once the commitment to sporulation has been made [64] . During their lytic cycles, bacteriophages T7 and lambda synthesize potent peptide inhibitors that block FtsZ polymerization, probably to keep the host cytoplasm unpartitioned during phage assembly [65, 66] . The T7 product, gp 0.4, may sequester FtsZ subunits like SulA, whereas Kil, the lambda peptide, seems to inhibit protofilament bundling. Other important negative regulators of FtsZ include MipZ, which spatially inhibits Z-ring formation in Caulobacter by analogy to the Min system [67] , and EzrA, a spectrin-like membrane anchor for FtsZ that inhibits bundling of FtsZ polymers in B. subtilis [68] .
Other than the penicillin-binding proteins, FtsZ is the main bacterial cell division protein targeted by small molecule inhibitors, and those inhibitors are numerous and growing [69, 70] . These range from plantderived compounds such as berberine and plumbagin, to synthetic compounds such as benzamides and zantrins [71] [72] [73] [74] . These compounds often target specific types of FtsZ -for example, plumbagin does not affect E. coli FtsZ despite its strong inhibition of B. subtilis FtsZ assembly in vivo and in vitro. In addition to specificity, these compounds display a range of inhibitory mechanisms. Plant-derived FtsZ inhibitors, including plumbagin, cucurmin and berberine, inhibit FtsZ assembly, whereas the synthetic compounds zantrin Z3 and the benzamide PC190723 inhibit cell division of S. aureus by promoting excessive FtsZ assembly. Therefore, like the opposing effects of paclitaxel and colcemid on microtubules [75] , anti-FtsZ compounds can work by tipping the balance toward either too much or too little FtsZ assembly activity [69] .
FtsZ Diversity
Although the question of how FtsZ may have evolved into tubulin remains unanswered, there continue to be exciting discoveries of new FtsZ families ( Figure 3A) . Some of these FtsZs are involved in cytokinesis, but others are used for spindle-like partitioning of phage or plasmid DNA. One such family, present in all plastids of the plant kingdom and required for fission, likely originated from cyanobacterial FtsZ. Chloroplasts of the model plant Arabidopsis thaliana require two FtsZs for division. AtFtsZ1 and AtFtsZ2 coassemble and, like bacterial FtsZs, form rings at mid-plastid [76] . Although most mitochondrial fission is independent of FtsZ, those of several protists, including Dictyostelium discoideum, harbor FtsZ homologs that participate in fission. Like chloroplast FtsZs, mitochondrial FtsZs are encoded by the host nucleus and are most similar to FtsZs from the alphaproteobacteria that are thought to be their progenitors [77] . 
Other FtsZ families have properties that are similar to both FtsZ and tubulin ( Figure 3A ). One such family is encoded by a group of bacteriophages. One of these proteins, called PhuZ, polymerizes into a unique three-stranded filament [78] that helps to position viral DNA at the cell center during lytic growth and increase phage yield [79] . Another member of this FtsZ family, collectively called TubZs, is used for partitioning DNA within the bacterial cell. TubZs are encoded by several large self-partitioning plasmids of the Bacillus cereus family, including the pXO1 plasmid of Bacillus anthracis, and forms filaments in the cells that move around the cell periphery by treadmilling [80] . TubZ is required for proper partitioning of pXO1 to daughter cells, and it is thought that the treadmilling polymers, along with a DNA-binding adapter protein, act as a custom-designed primitive mitotic spindle for the plasmid [81] . A similar type of TubZ protein is produced by a bacteriophage of Clostridium and, like PhuZ, helps to position viral DNA [82] . This use of tubulins by bacteriophages mirrors the use of eukaryotic tubulins by herpes viruses [83] . The mitotic-like function of TubZ and its greater similarity to tubulin compared with FtsZ makes TubZ the most plausible evolutionary ancestor to tubulin.
A more distinct and divergent FtsZ-like protein family is found in the Verrucomicrobia, a group of unusual bacteria that shares some characteristics with Chlamydia and Planctomycetes, including the complete lack of a canonical FtsZ. Interestingly, however, Verrucomicrobia such as Prosthecobacter contain proteins called BtubA and BtubB, which are more tubulin-like by amino acid sequence than FtsZ. Therefore, it has been postulated that the btub genes arose in these bacteria by horizontal transfer from a eukaryote [84] .
A Bacterial Actin Homolog for Cell Division
As mentioned above, FtsA is part of the divisome and acts to tether Z rings to the membrane, regulate Z ring dynamics, and recruit downstream divisome proteins. FtsA and another protein called MreB (see below) are essential actin homologs in E. coli and many other bacteria (Figure 4 ). Like FtsZ, FtsA and MreB share low primary sequence similarity but are clear structural homologs of actin [85, 86] . The crystal structure of FtsA deviates slightly from that of actin and MreB, with FtsA harboring a unique domain (1C) in the place of the 1B domain in MreB and actin, which is involved in the recruitment of latestage cell division proteins in E. coli [85, 87, 88] (Figure 2) . Like FtsZ, FtsA is an essential cell division protein in E. coli [89, 90] . Upon inactivation of FtsA, E. coli cells will cease dividing and form filamentous cells. These filaments contain Z rings positioned at potential division sites (Figure 1 ), but constriction of the rings is blocked [91] . In E. coli, ZipA can function to tether the Z ring in the absence of FtsA, but FtsA is still required for cytokinesis because of its other cell division functions [92, 93] . For example, inactivating the 1C domain allows FtsA to localize to Z rings, but prevents further divisome function because later divisome proteins are not recruited [88] . Although many mechanistic details of this recruitment process are lacking, it is known that the 1C domain directly recruits the late divisome protein FtsN to the FtsA ring, and this recruitment results in a positive feedback loop that yields high levels of FtsN at the septum [55, 56, 94] . It is unclear how other divisome proteins that cannot localize in the absence of FtsA, such as FtsQ and FtsK, are recruited by FtsA. It is notable that artificial recruitment of FtsQ to the Z ring through a ZapA-FtsQ fusion can bring many divisome proteins to the septum in the absence of FtsA [95] . This result indicates that much of the recruitment pathway is self-contained and may be initially recruited by FtsZ itself. However, FtsN cannot be recruited by ZapAFtsQ under these conditions, underscoring the special need for FtsA in FtsN's targeting to the septum.
Other properties of FtsA indicate that it is more than merely a membrane tether and divisome recruiter. For example, a recent structural study showed that under certain conditions, FtsA can self-interact and polymerize into long, actin-like protofilaments and sheets [96] . In the crystal structure of oligomeric FtsA from T. maritima, FtsA monomers stack on top of each other in a pattern distinct from that of actin, largely forced by the unique position of the 1C domain of FtsA (Figure 4) . In B. subtilis, lesions at the FtsA-FtsA subunit interface impart a cell division defect [96] , confirming earlier suggestions that polymerization of FtsA could be important for FtsA function [97] . Polymers of FtsA, however, are not observed in vivo unless the protein is overproduced or truncated to remove its carboxy-terminal membrane targeting sequence [96, 98, 99] (Figure 1 ). This suggests an inverse relationship between membrane binding and polymerization [100] , perhaps because the membrane targeting sequence itself interferes with FtsA-FtsA stacking [101] (Figure 2) . Under normal circumstances, native membraneassociated FtsA associates with the Z ring at midcell through direct interaction between the 2B subdomain of FtsA and the carboxy-terminal tail of FtsZ [96, 102] .
Recent genetic studies of E. coli FtsA have shed light on how its self-association ties into its ability to bind and hydrolyze ATP as well as its activity in cell division. Although lesions at the presumed dimer interface of B. subtilis FtsA seem to decrease function, many similar lesions in E. coli FtsA actually increase function. One such lesion, single residue substitution R286W (also known as FtsA*), seems to stimulate the Z ring by bypassing normal inhibitory controls. E. coli cells carrying FtsA* instead of FtsA divide at shorter cell lengths, and remarkably can divide quite well in the complete absence of ZipA, which is normally essential [103, 104] . Moreover, FtsA* suppresses defects in several other cell division proteins, so it is not specific to ZipA [105, 106] . Other FtsA*-like alleles have been found, and all are at or near the dimer interface. As a result, they likely negatively affect FtsA-FtsA interactions [99, 107] , although this effect has so far been shown only with fusion proteins that lack the membrane targeting sequence. Some of these alleles interact more strongly with the Z ring than wild-type FtsA, which may abrogate the need for a second strong membrane anchor. Nevertheless, it is not yet clear how FtsA*, which seems to have net FtsZ-debundling activity in vitro (see below), can so readily replace a protein that seems to bundle FtsZ protofilaments. One possibility is that FtsA* (and FtsA) can switch between pro-FtsZ bundling and anti-FtsZ bundling functions, and this switch requires other divisome factors not yet tested under in vitro conditions.
Assuming that FtsA*-like proteins assemble less readily, how might such reduced oligomerization enhance FtsA function in vivo? ATP binding is likely to be key. All of the many known thermosensitive mutations of E. coli ftsA map to the ATP binding site, including S195P, which binds and hydrolyzes ATP much more poorly than wild-type FtsA [107] . Thermoresistant suppressors of S195P map either to the ATP binding site, which should directly compensate for the S195P defect, or to the dimer interface. The suppressors in the dimer interface are FtsA*-like: they reduce oligomerization by the cell polymer assay (using FtsA derivatives lacking the membrane targeting sequence); they can bypass the need for ZipA; and they generally restore ATP binding and hydrolysis. The ability of more monomeric FtsA to suppress an ATP-site defect suggests that FtsA monomers preferentially bind ATP, with a later hydrolysis step potentially coupled to binding another cell division protein. A role for ATP in assembly was also shown for Streptococcus pneumoniae FtsA, which assembles into large helical polymers in vitro upon ATP addition [108] ; however, no ATP hydrolysis was detectable and the physiological role for these polymers is not yet known. In contrast, B. subtilis FtsA assembles readily into protofilament bundles independently of ATP [109] . This unexpected behavior may stem from B. subtilis FtsA's stronger innate ability to polymerize with its membrane targeting sequence intact, whereas E. coli FtsA does not form visible polymers in cells unless its membrane targeting sequence is truncated [96] .
The importance of ATP for FtsA function at the Z ring was implicated in two separate in vitro experiments. In solution, FtsA* can disassemble and curve FtsZ polymers, but only in the presence of ATP or ADP [110] . The curving of FtsZ polymers by potential oligomers of FtsA is reminiscent of the curving of actin filaments by septin oligomers in eukaryotic cells [111] and of curving of FtsZ polymers by the aforementioned C. crescentus protein FzlA. Furthermore, when added to supported lipid bilayers, FtsA can tether FtsZ polymers, and upon addition of ATP can induce remarkable circular treadmilling of FtsZ polymers [36] . Purified ZipA can also tether FtsZ to these bilayers, as might be expected, but no FtsZ dynamics were observed. These results suggest that while FtsA and ZipA share Z-ring tethering duties, ZipA is the strong but relatively insensitive anchor for FtsZ, whereas FtsA is the weaker but more responsive tether. It is reasonable to speculate that cells can survive without ZipA by making FtsA stronger and less responsive, as long as it is still responsive enough to carry out cytokinesis. This hypothesis is consistent with genetically inferred weaker interactions between FtsA and FtsZ compared with ZipA and FtsZ [112, 113] .
Current data support the idea that FtsA-ATP polymers regulate FtsZ assembly dynamics, potentially through continuous inputs from the active divisome and septum assembly machine, as mentioned in the previous section. It will be crucial in the future to understand how ATP hydrolysis affects FtsA activity and which factors stimulate hydrolysis, potentially leading to recycling of FtsA monomers and more rapid responsiveness. ClpXP-mediated proteolysis of FtsA as well as FtsZ also plays a role in cell division [114] . The clearest role for proteolysis in cell division is in Caulobacter, where both FtsA and FtsZ proteins are degraded in non-dividing swarmer cells, thus preventing unwanted division events [115] [116] [117] .
We can gain additional insights into the role of FtsA from the bacterial species that lack FtsA entirely, or that can use another protein to replace FtsA function. For example, inactivation of FtsA in B. subtilis is not lethal, although the cells have a severe division defect. Notably, SepF can completely compensate for the loss of FtsA [118] . Although it is not a homolog of actin, SepF (originally called YlmF) can nevertheless polymerize into rings in vitro that bind to FtsZ and stimulate the alignment of FtsZ protofilaments [119] [120] [121] . Like FtsA, SepF has an amphipathic membrane-targeting sequence, which explains how SepF can tether FtsZ to the membrane and compensate not only for the loss of FtsA, but the other known FtsZ membrane tether in B. subtilis, EzrA [122] . Thus, SepF is similar to FtsA in several ways, although it remains to be seen how its polymerization or membrane binding are regulated. SepF is widely conserved in Gram-positive bacteria, and consistent with its FtsA-like properties, is present in actinobacteria, which is the major FtsZ-containing bacterial family that lacks FtsA. SepF is likely to assume an FtsA-like role and importance in these species -perhaps SepF forms more robust FtsZ bundles that can more effectively invaginate the thicker septal wall in these Gram-positive cells than FtsA can on its own. Like FtsZ, SepF-like proteins are also present in a number of archaeal species, but their physiological roles are not yet known [122, 123] .
A Second Bacterial Actin Homolog Regulates Cell Wall Growth and Rod Shape MreB has been established as an actin homolog important for the maintenance of rod shape in those species of bacteria that have it, including the model bacilli E. coli, B. subtilis, and Caulobacter [124] [125] [126] . Consistent with its role in sidewall growth in cylinder-shaped cells, MreB is lacking in all cocci and in a subset of rod-shaped bacteria that grow by tip extension, such as actinobacteria and rhizobiales [127, 128] . Although most rod-shaped species have only a single mreB locus, B. subtilis is complex in that it has three distinct mreB paralogs (mreB, mbl, and mreBH), all of which contribute to cell shape in that species [129] [130] [131] . Another species, Bdellovibrio bacteriovorus, which invades and destroys bacteria such as E. coli, has two mreB genes [132] . In contrast, there are no known examples of paralogous ftsA genes.
Disruption of MreB by mutation or by a drug called A22, which targets MreB directly [133, 134] , results in the gradual loss of rod shape as cell growth becomes disorganized [135] . A22 and the related anti-MreB drug MP265 seem to act by inhibiting the formation of double MreB protofilaments (Figure 4) , which are required for rod shape [136] . In E. coli, inactivation of MreB produces spheroidal cells (Figure 1 ) that look more like fungal yeast forms than E. coli, including the presence of 'vacuoles' within the cells [137] ; these reflect the accumulation of extra membrane invaginations, presumably because membrane lipid synthesis is not properly repressed to compensate for the lower surface to volume ratio of the round cells. MreB is essential for E. coli survival, but excess production of FtsZ can restore viability, probably because the extra membranes titrate the existing FtsZ away from productive Z-ring assembly. The FtsA* variant may also be sufficient for viability in cells lacking MreB [42] .
Like FtsA, MreB polymerizes into filaments in vitro and localizes to specific regions of the cell ( Figure 5 ). Electron microscopy of purified Thermotoga maritima MreB show that ATP is required for polymerization of MreB into helical filaments that further associate into complex sheets [138] . ATP-dependent polymerization of MreB monomers into filaments and double filaments involves subtle conformational changes within the subunits [136] . Although the mechanism of polymer disassembly is not known, ATP hydrolysis may be facilitated by a change in MreB filament curvature [139] .
In cells, MreB assembles into mobile patches and/or filaments on the cytoplasmic membrane that move in a generally circumferential direction in response to active biosynthesis of cell sidewalls [140] [141] [142] [143] [144] . In some cases, MreB also forms long range helices that extend for over 1 mm [145] ; the existence of continuous helices versus patches that move in helical tracks remains controversial, particularly given the effects of some fluorescent protein fusions on MreB localization and function [146] . Nonetheless, it seems reasonable to propose that MreB assembles into short double filaments and filament bundles within these patches that guide their directionality. This directionality may be reinforced by MreB polymer treadmilling [147] ; however, recent results indicate that MreB forms antiparallel double filaments in vitro (Figure 4) , which unlike the parallel filaments formed by F-actin, would not be expected to have directionality [136] . Although the molecular mechanism behind how MreB and its companion proteins orchestrate synthesis of peptidoglycan in an ordered cylindrical shape is not yet understood, recent experimental and modeling data support the idea that MreB patches direct as well as respond to cell wall irregularities [148] . The end result of this continuous feedback between the cell wall synthesis machinery and MreB patches is a smoothing of the cylindrical wall in rod shaped bacteria. The distinctive chiral growth of the cell wall is also dependent on MreB [149] .
Like FtsA, MreB is also able to associate peripherally with the cytoplasmic membrane. Whereas all FtsA proteins contain a membrane-binding amphipathic helix at their carboxyl terminus, MreB proteins seem to have diverse mechanisms for membrane binding. For example, E. coli MreB contains an amphipathic helix at its amino terminus that is essential for its function [150] (Figure 4 ). In contrast, Thermotoga maritima MreB associates with the membrane through a membrane insertion loop located in the middle of the protein and lacks an amphipathic helix [150] . The transient associations with the membrane permitted by these various mechanisms are likely to be crucial for MreB's ability to dynamically assemble and disassemble along the membrane in a rapidly responsive fashion, similar to FtsA.
Connections between MreB and Cytokinesis
In addition to the sidewall patches, MreB is often observed at mid-cell [151] , suggesting that it might share another property with FtsA and interact at least transiently with the divisome ( Figure 5 ). This was shown mechanistically by Fenton et al. [152] , who demonstrated that E. coli MreB not only interacts directly with FtsZ, but also that this interaction, like the FtsA-FtsZ interaction, is required for constriction of the Z ring. A D285A lesion in MreB abolishes interaction with FtsZ but not MreB, MreC, or RodZ -cells with this mutant MreB retain their rod shape but fail to divide. How might the MreB-FtsZ interaction be needed for divisome activity? FtsZ-bound MreB likely directs cell wall synthesis activities away from bacterial sidewalls and toward mid-cell, thus coordinating cell elongation with cell division [153] . This seems to occur by direct recruitment of several key peptidoglycan synthesis enzymes to the Z ring, which suggests that MreB and FtsA have similar overall functions in recruiting transmembrane proteins involved in cell wall synthesis [153] . MreB indeed does interact with such proteins, including RodZ, MreC, MreD, and MurG, all transmembrane proteins that are required for proper cylindrical cell shape. Although the enzymatic functions of proteins such as the MurG murein transglycosylase are known, the specific roles of RodZ, MreC, and MreD in helping to position cell wall biosynthetic complexes are not yet clear [126, 127, [154] [155] [156] [157] [158] .
In addition to interacting with FtsZ in E. coli, MreB is also used in other cellular organizational functions, depending on the species. In Chlamydia, for instance, MreB can take the place of FtsZ, which is lacking in this organism [159, 160] (Figure 5 ). Remarkably, Chlamydia use MreB and possibly RodZ for recruitment of cell wall synthesis enzymes to the septum at mid-cell during their binary fission phase, which occurs obligately inside a host eukaryotic cell [161] [162] [163] . Although MreB is dispensable for normal rod shape of vegetatively growing cells of Streptomyces and of other apically growing actinobacteria such as Corynebacterium glutamicum (Figure 5 ), it becomes important for the stability of spore walls [164] . In myxobacteria, putative MreB cables seem to be crucial for gliding motility [165, 166] . By analogy to MreB patches in sidewall synthesis, myxobacterial MreB cables may act as helical tracks for flagellar stator-like motors that use proton-motive force to convert rotational motion within the cell into linear movement of the cells [166] [167] [168] . Finally, MreB may have a role in chromosomal DNA partitioning [133, 156] , although the molecular mechanisms for this activity are not as clear as the roles of actin-like proteins in plasmid partitioning (see below).
Despite its organizational importance for the cell, so far only one endogenous inhibitor of MreB has been found. This inhibitor is part of a pair of E. coli proteins called YeeV and YeeU, which are a typical toxin-antitoxin pair of proteins found in many bacteria. Remarkably, the YeeV toxin inhibits not only the polymerization of MreB, but also FtsZ, and overproduction of YeeV causes E. coli cells to simultaneously round up and stop dividing [169] . YeeU, the YeeV antagonist, does not bind to YeeV like other antitoxins, but instead binds to FtsZ and MreB and suppresses YeeV toxicity by enhancing their polymer bundling [170] . The yeeU-yeeV genes reside within a prophage sequence in the E. coli chromosome, but either gene can be deleted with no significant phenotype. Therefore, the physiological conditions under which this toxin-antitoxin pair functions are not yet known.
Other Actin Homologs for Large-scale Organization in Bacterial Cells
Although there is no evidence that they are important for cytokinesis, a surprisingly large family of actin homologs (actin-like proteins, or ALPs) is present in many bacteria [171] (Figure 3B ). They are reminiscent of the other members of the FtsZ family in that they are used for other large-scale organizational purposes in bacterial cells. The best known examples are plasmid-partitioning systems that move large plasmids to daughter cells upon cytokinesis to prevent their loss. The prototype actin homolog for these partitioning systems is ParM, which is required for the successful partitioning of the large E. coli plasmid R1 and forms long dynamically unstable filaments that bridge the two daughter plasmids [172] . This system also requires a centromeric sequence on the plasmid and a separate protein that binds to this sequence, which together with ParM form 'segrosomes' whose pushing motion can be completely recapitulated in vitro with purified components. The dynamic instability of ParM filaments generates the pool of ParM monomers needed to drive ParM polymerization.
Another actin homolog, AlfA, is similarly used to push apart pLS32 plasmid DNAs in B. subtilis [173] . Although AlfA also requires a centromere binding protein for its activity, it differs from ParM in that AlfA is not dynamically unstable, readily forms polymer bundles, and requires a cofactor, AlfB, for dynamic activity. By analogy with eukaryotic cofilin, AlfB breaks up bundles of AlfA polymers, but only those that are not associated with the centromeric DNA in the segrosome [174] . This activity is predicted to increase the pool of soluble AlfA monomers available to drive further polymerization of the stable AlfA bundles in the segrosome.
Finally, actin homologs have additional roles in cellular organization that are less related to cytokinesis. The most well characterized of these is MamK, which assembles into a filamentous structure that houses and organizes the magnetosome of magnetotactic bacteria such as Magnetospirillum species [175] . Like other actin homologs, MamK assembles into double-stranded filaments in an ATP-dependent manner and disassembly, likely stimulated by other factors, requires ATP hydrolysis [176] .
Concluding Remarks
A main property of cytoskeletal proteins is their ability to assemble into large cellular structures on the scale of micrometers in length, yet dynamic enough to respond rapidly and sensitively to a variety of transient inputs that report on the state of the cell. Decades of work on actin filaments and microtubules and their interactions with diverse accessory proteins have provided an ideal context for understanding the function of the bacterial versions. These advancements have been made despite the differences in their physiological roles in the simpler systems and the challenges in visualizing the intact cytoskeletons in small bacterial cells. Continued innovations in live cell imaging promise to close the gap between the cellular scale and the molecular scale. From the other direction, recent advances in the synthetic biology of cell division hint that purified components and membranes will provide the ability to manipulate these cytoskeletal proteins in real time and with biochemical readouts that are relevant to the cellular physiology. In vivo, genetic manipulation of wall-less bacteria, including Mycoplasma genitalium [177] or evolved wall-less L-forms of B. subtilis [178] , indicates that these cells can divide independently of tubulin or actin homologs. Such primitive cytokinesis without a cytoskeleton is the first step towards reconstituting how primordial cells may have duplicated prior to the invention of more controlled polymeric proteins [179] . Moreover, it is now becoming clear that some metabolic enzymes such as CTP synthetase can polymerize, and their activity is regulated by polymerization state [180] . This coupling of enzyme activity to polymerization is also a hallmark of FtsZ and perhaps FtsA and MreB, if the enzyme activity is defined as ATP or GTP hydrolysis. Interestingly, CTP synthetase polymers in Caulobacter can regulate the shape of the cell independently from enzyme activity [181] . Together, these ideas suggest that cytoskeletal proteins such as actin and tubulin homologs may have evolved from polymerizing metabolic enzymes. 
